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Expression of somatostatin receptors 3, 4, and 5 in mouse rate (GFR), urine volume, sodium excretion, and potas-
kidney proximal tubules. sium excretion, but increases the fractional excretion
Background. Systemic infusion of somatostatin (SRIF) in- of phosphate [2, 3]. In rats, systemic administration ofduces many physiological changes in human and rodent kid-
somatostatin does not change GFR, or sodium, potas-neys, including alterations in glomerular filtration, solute trans-
sium, calcium, or magnesium clearance, but does in-port, and water clearance. Although somatostatin can bind to
five different G-protein coupled receptors (SSTRs), only SSTR1 crease phosphate excretion and water clearance [4]. In
and SSTR2A proteins have been described convincingly in rat vitro, direct infusion of somatostatin into dog kidneys
and/or human kidneys. Both are expressed primarily in collecting increases urine volume and free-water clearance [5],ducts, despite clear evidence that somatostatin also can bind to
while in the rat, intrarenal administration of somatostatinproximal tubules. Our aim was to characterize the expression
of somatostatin receptors three to five in adult mouse kidneys. decreases collecting duct water permeability at low con-
Methods. Reverse transcriptase-polymerase chain reaction centrations and enhances water permeability at higher
(RT-PCR) was performed followed by Southern blotting on concentrations [4]. Interestingly, primary human renal
mouse kidney RNA for SSTR3, SSTR4, and SSTR5. Immuno-
tubular cell [6] and glomerular mesangial cell [7] cultureshistochemistry and dual-labeling immunofluorescence also were
express somatostatin mRNA and secrete the peptideperformed to localize the receptors in the kidney.
Results. Messenger RNA was detected for somatostatin into the media, implying autocrine/paracrine activity in
receptors 3 to 5 in the mouse kidney by RT-PCR, with confir- the kidney in vivo.
mation by Southern blotting. By immunohistochemistry and Somatostatin activity is mediated via five different re-dual-labeling immunofluorescence, the proteins for all three
ceptors [1]. The receptors are highly conserved with 82receptors were abundantly expressed, but exclusively localized
to 99% amino acid homology between humans and ro-to the proximal tubules. SSTR3 was present in intracellular
granules, while SSTR4 and SSTR5 were expressed on the lume- dents [1]. Somatostatin receptor genes have no introns
nal membranes of the tubules. with the exception of an alternate splice variant of SSTR2
Conclusions. Expression of SSTR3, SSTR4, and SSTR5 in [1]. The SSTRs are all coupled to G proteins that elicitmouse proximal tubules complements the expression of SSTR1
some common secondary messenger effects such as inhi-and SSTR2 in collecting ducts as seen in other species. Taken
bition of adenylate cyclase activity and stimulation oftogether, the kidney is one of few organs expressing all five
somatostatin receptors outside of the nervous system and pan- tyrosine phosphatase activity [1]. In other instances their
creas. signaling differs with receptors 1 and 4 enhancing, and
receptors 2A and 5 reducing mitogen-activated protein
(MAP) kinase activity [1].
Somatostatin (SRIF), a 14 or a 28 amino acid peptide, Although SSTRs 1 to 4 have been described in the
can act as a neurotransmitter, an inhibitor of hormone kidney, only SSTR1 and SSTR2 proteins have been local-
secretion, an inhibitor of cell proliferation, and an activa- ized to specific regions. SSTR1 immunostaining has been
tor of apoptosis [1]. In humans, somatostatin infusion demonstrated in human collecting ducts [8]. In addition,
also decreases renal plasma flow, glomerular filtration SSTR2 protein was immunolocalized primarily to the
collecting ducts and glomeruli of both humans [8] and
rats [9]. Although SSTR3 was reportedly detected in ratKey words: somatostatin, somatostatin receptors, proximal tubules,
immunohistochemistry. kidney by immunostaining, the data were listed in a
table only and the specific expression pattern was notReceived for publication May 28, 2002
described [10]. SSTR3 and SSTR4 mRNA transcriptsand in revised form July 18, 2002
Accepted for publication August 15, 2002 have been detected in rat kidney by RNAse protection
assays [11], although neither transcript was localized. 2003 by the International Society of Nephrology
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Table 1. Polymerase chain reaction (PCR) primer constructsRenal expression of receptor 4 protein has not been
described [1, 11–13]. Finally, neither SSTR5 protein nor Gene Primer pairs Size bp
mRNA has ever been described in the kidney [1, 11–13]. SSTR3 5-GTGCGGGCGCCCTCGTGTCAG-3 490
3-CTGTTGTCGGTGCCGGGACGTGTC-5Although somatostatin receptors are expressed in col-
SSTR4 5-AACGGAGGCGCTCAGAGAAGAAGA-3 451lecting ducts and glomeruli, evidence exists that somato-
3-TAAAATGGGAGGGAGTGGAGCGGA-5
statin also acts on and binds to the proximal tubule. SSTR5 5-TGGGGTGCAGCCTTCATCACTTAC-3 444
3-GTCTGTTCTCACCCGCCGGT-5Systemic infusion of somatostatin increases phosphate
GAPDH 5-CTGACGTGCCGCCTGGAGAAA-3 346excretion in both humans [3] and rats [4], despite if
3-GATAGGGTTGAGCCGGGGGTTGT-5
anything a decrease in GFR, implying activity at the
proximal tubule. Furthermore, high affinity binding sites
for somatostatin were detected in human proximal tu-
bules (as well as collecting tubules and vasa recta) by in
were resuspended in diethyl pyrocarbonate treated
vitro receptor autoradiography using radiolabeled oc-
(DEPC) water. Any contaminating genomic DNA was
treotide (a somatostatin analog) and SRIF-28 [14]. In
digested using RNAse free RQ1 DNAse enzyme (Pro-rabbit kidneys, radiolabeled somatostatin was used to
mega, Madison, WI, USA). The RNA was re-precipitated,detect specific binding sites in the cortex (the volume of
washed and resuspended in DEPC water as describedwhich mostly consists of proximal tubules) and outer
earlier. The DNAse-treated RNA was quantified usingmedulla, with high affinity–low-binding capacity and low
ultraviolet (UV) spectrophotometry at 260 nm.affinity–high capacity types [15]. Finally, opossum-derived
proximal tubular cells express high affinity binding sites RT-PCR analysis of total RNA
for somatostatin [16].
Reverse transcription-polymerase chain reaction forIn the current study, we sought to characterize the
each receptor was performed at least three times. First,expression of somatostatin receptors 3 to 5 in the adult
1 g samples of kidney and brain total RNA were mixedmouse kidney. As suspected, based on the RNAse pro-
with 20 pmol of a 24-base deoxythymidine oligonucleo-tection data in rat kidneys [11], we detected mRNA for
tide (oligo dT24), denatured at 70C for five minutes andSSTR3 and SSTR4 in the adult mouse kidney by reverse
then placed at 4C. Each sample was then reverse tran-transcription-polymerase chain reaction (RT-PCR) fol-
scribed by adding 1.5 L (300 units) of Moloney-murinelowed by Southern blotting. Using the same techniques
leukemia virus (M-MLV) Reverse Transcriptase (Pro-we were surprised to detect SSTR5 mRNA in the kidney.
mega) along with 4 L of 5 MMLV buffer, 2 L of 100We then performed immunocytochemistry and dual la-
mmol/L dithiothreitol (DTT), and 1 L of a 10 mmol/Lbeling immunofluorescence and determined that the pro-
deoxynucleotide triphosphate (dNTP) mix to a final vol-teins for all three receptors are abundantly expressed,
ume of 20 L. For negative controls, 1.5 L of sterilebut exclusively localized to the proximal tubules. SSTR3
water was added in place of RT. Total mouse genomicwas present in intracellular granules, while SSTRs 4 and
DNA was used as a positive control. The RT, RT5 were expressed on the lumenal membranes of the tu-
and genomic samples were then incubated at 37C forbules.
one hour then placed at 4C until PCR was performed.
Oligonucleotide primers for the PCR amplification of
METHODS somatostatin receptors 3, 4, and 5 and for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were de-RNA isolation
signed using the published sequences for the respectiveA total of three two- to four-month-old CD-1 mice
cDNAs. The primer sequences and the expected bandwere sacrificed by CO2 inhalation. The brains and kid-
sizes for each PCR amplification are listed in Table 1.neys were dissected out and placed in separate 5 mL
For each reaction, 1 L of the RT, RT or genomicsyringes and squeezed into 5.0 mL of Trizol (Invitro-
samples were mixed with 0.5 L of Taq DNA Polymer-gen, San Diego, CA, USA). The samples were then tritu-
ase (Invitrogen), 20 pmol of each primer, 25 L of opti-rated with an 18-gauge needle approximately 30 times
mization buffer (Epicentre) and sterile water to a finalfollowed by a 25-gauge needle eight more times. When
concentration of 50 L. Buffers C, J, and G were usednot being triturated, the samples were kept on ice. After
for SSTR3, SSTR4, and SSTR5, respectively. After dena-the samples were well homogenized, chloroform was
turing for five minutes at 94C, the samples were runadded and mixed for 15 seconds. The samples were left
through 35 total cycles with one-minute annealing timesto stand for five minutes at room temperature and then
at 62C and two-minute extension times at 72C. A 25centrifuged at 12000  g for 15 minutes at 4C. The
L sample of each PCR product was electrophoresedaqueous layer was collected and the RNA was precipitated
on a 1% TAE (0.04 mol/L Tris-acetate, 0.001 mol/Lwith the addition of isopropanol and 7.5 g of d-glycogen.
After being washed with 75% ethanol, the RNA pellets EDTA, pH 8.0) agarose gel and visualized using ethid-
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Table 2. Receptor Southern primer probes
Gene Primers
SSTR3 5-GAGCCAGGGTCGGGACCTCCAGAGAAGACTGAAGAGGAGGAG-3
SSTR4 5-TGGTGACCGTCTTTGTGCTATGCTGGATGCCTTTCTATGTGG-3
SSTR5 5-CCTCTGCCGGCCTCTACTTCTTTGTGGTGGTCCTGTCTTATG-3
ium bromide staining and UV illumination. Images of the Animal perfusion and kidney sectioning
for immunostainingethidium bands were captured on a Fluor-S MultiImage
station (Bio-Rad, Richmond, CA, USA) and converted At least three two- to four-month-old CD-1 female
to Adobe Photoshop files (Adobe Systems, Inc., San mice were used for each histological experiment. Prior
Jose, CA, USA). to perfusion, the mice were maintained on distilled water
and standard mouse chow (Teklad Laboratories, Inc.,
Southern blotting Toledo, OH, USA). Immediately before perfusion, each
To verify that the ethidium PCR bands truly repre- animal was anesthetized with cocktail consisting of 5 mg
sented amplified receptor cDNA, we performed South- of ketamine, 2.5 mg of xylazine, and 1.25 mg of acepro-
ern blotting. First, 25 L samples of each PCR reaction mazine (Fort Dodge Laboratories, Inc., Overland Park,
were run on a 1% TAE-agarose gel along with a 100 base KS, USA) given by intraperitoneal injection. An abdom-
pair ladder. The DNA in the gel was then depurinated in inal incision was made to visualize the kidneys and intes-
3 N HCl for 15 minutes, denatured with 0.4 N NaOH/ tines. The thorax was dissected open and the right atrium
0.6 mol/L NaCl for 30 minutes, and neutralized in 1.5 was incised. The left ventricle was cannulated with a 30-
mol/L NaCl–0.5 mol/L Tris-HCl, pH 7.5, for 30 minutes. gauge butterfly needle. Using 60 mL syringes, the animals
The DNA was then transferred by capillary action over- then were perfused with 60 mL of phosphate buffered
night from the gel to Magna Nylon membranes (Micron saline (PBS) pH 7.4, followed by 60 mL of Histochoice
Separations Inc., Westboro, MA, USA). A Stratalinker (Amresco, Solon, OH, USA). The kidneys were removed
(Cappel/ICN, Costa Mesa, CA, USA) was used to cross- and divided once with a blade in the midline transverse
link the products to the membrane and the membrane plane and post-fixed in Histochoice for four to six hours.
was allowed to dry overnight. The membranes were then The kidneys were then processed for either cryostat
prehybridized for three hours at 60C in hybridization or paraffin sectioning. In preparation for cryostat sec-
buffer supplemented with 100 g/mL herring sperm DNA tioning, kidneys were transferred to 25% sucrose over-
(Invitrogen). Probes for the receptor DNA were then night at 4C. Tissues were then frozen in O.C.T. embed-
generated by incubating 5 pmol of dephosphorylated ding media (Sakura Finetek, Inc., Torrance, CA, USA)
in crushed dry ice. The kidneys were then sectioned byoligonucleotides, nested to the PCR primers (Table 2),
cryostat into 7 to 10 m slices that were placed on chargedwith 20 units Terminal Transferase (TdT; Promega), 5
glass microscope slides (Surgipath. Richmond, IL, USA).TdT buffer, and 1.6 L of [-32P]ATP (10 Ci/L, 3000
Before paraffin-embedding, the kidneys were kept inCi/mmol; Amersham, Arlington Heights, IL, USA) for
70% ethanol at 4C. The tissues then were dehydrated60 minutes at 37C. Probes against the ladder DNA were
further in a series of graded alcohols followed by xylenemade by end labeling 25 ng of ladder itself. Then, the
and then paraffin. The kidneys were then sectioned withlabeling reaction was stopped by raising the temperature
a microtome into 4m slices that were placed on chargedto 70C for 10 minutes. The probes were purified using
glass slides.Bio-Spin 6 prefilled columns (Bio-Rad), denatured by
boiling for five minutes, and added to the pre-hybridiza-
Antibodies used for immunostainingtion mix. The samples were hybridized overnight at 60C.
Following the hybridization, the membranes were washed Antibodies used to identify somatostatin receptors 3, 4
and 5 were all rabbit polyclonal antibodies raised againstas follows: twice with 2 SSC (saline sodium citrate)
with agitation at room temperature for five minutes, synthetic peptides identical in sequence to portions of
the C-termini (Gramsch Laboratories, Schwabhausen,twice with 2 SSC/1% SDS (sodium dodecyl sulfate) at
65C with agitation for 30 minutes, and twice with 0.1 Germany). The antisera against receptors 3, 4, and 5 were
used at dilutions of 1:1250, 1:800, and 1:1000 for all im-SSC at room temperature with agitation for 30 minutes.
The membranes were exposed to X-ray film for three munostaining studies, respectively. The peptides used to
generate the antibodies (Gramsch Laboratories) werehours, six hours, or overnight. After being developed,
the X-ray film was scanned by an Epson Expression 800 used for incubations with the receptor antisera at con-
centrations of 10 g/mL to prove the specificity of thescanner and the images saved as Adobe Photoshop files.
Bates et al: SSTR3-5 expression in proximal tubules56
immunostaining. For co-localization immunofluorescence PBST washes, several drops of AEC (3-Amino-9-ethyl-
carbazole; Dako, Carpinteria, CA, USA) were added andstudies, rabbit polyclonal antibodies against aquaporin-1
(AQP-1; Alpha Diagnostic, Bellevue, WA, USA), aqua- the samples were developed for three to five minutes. The
reaction was terminated by placing the slides in PBST.porin-2 (AQP-2; CalBiochem Corp., La Jolla, CA, USA),
and Tamm-Horsfall protein (THP; ICN Biomedicals, Inc., The slides were then counterstained with Harris Hema-
toxylin (BBC Biochemical Corporation, Stanwood, WA,Irvine, CA, USA) were used at concentrations of 20g/mL,
1:100, and 1:500, respectively. Aquaporin-1 labels the USA). Coverslips were then mounted using Vectashield
(Vector Laboratories, Inc., Burlingame, CA, USA). Afterlumenal and basolateral plasma membranes of proximal
tubules in the cortex and thin descending limbs of the drying, the slides were photographed with MagnaFire
digital camera (Optronics, Goleta, CA, USA) mountedloop of Henle in the medulla [17]. Aquaporin-2 is a
specific marker for the principal cells of the cortical col- on a Leica DM LB microscope. Images were then con-
verted to Adobe Photoshop files.lecting tubules and cortical and medullary collecting
ducts [17]. Tamm-Horsfall protein is a specific marker
Immunofluorescencefor the cortical and medullary thick ascending limbs of
the loop of Henle [18]. In addition, a mouse monoclonal Immunofluorescence studies were performed on cryo-
stat kidney sections with the antisera against somato-antibody against histone H1 (Calbiochem) was used at
a concentration 1:7 to identify nuclei in double labeling statin receptors 3 or 4 alone or with localizing antibodies
against AQP-1, THP, and AQP-2. SSTR3 was also co-studies with SSTR3.
labeled with antibodies against histone H1. Paraffin-
Immunohistochemistry embedded sections were used for SSTR5 co-localization
studies with AQP-1, THP, and AQP-2, since no receptorParaffin-embedded sections of adult CD-1 mouse kid-
neys were deparaffinized in xylene followed by rehydra- 5 immunostaining was apparent in cryosections. Since the
somatostatin receptor antisera and the AQP-1, AQP-2,tion in a series of graded alcohols. Background peroxi-
dase was quenched with 3% hydrogen peroxide in PBS and THP antibodies were generated in rabbits, these
double-labeling studies were performed utilizing second-for 15 minutes at room temperature, followed by incuba-
tion with Peroxidazed 1 (Biocare Medical, Walnut Creek, ary monovalent FAB fragment conjugates to “convert”
the first primary antibody to a different species [19]. ForCA, USA) for 15 minutes at room temperature. After
washing with PBS and 1% Tween 20 (PBST), endoge- SSTR3/histone double-labeling, both primary antibodies
were applied to slides simultaneously since the anti-his-nous aividin was blocked with Avidin Blocking Solution
(Biocare Medical) for 15 minutes at room temperature. tone H1 was a mouse monoclonal antibody.
Aside from the initial de-paraffinization steps neces-The samples were washed again with PBST and then
incubated with Biotin Blocking Solution (Biocare Medi- sary with the paraffin sections, the procedures used for
the cryostat and paraffin sections were identical. Thecal) for 15 minutes at room temperature. After washing
with PBST, the slides were incubated in a blocking solu- tissues were first permeabilized with 0.5% triton in PBS
for ten minutes. After washing in PBS, the sections weretion of PBS, 0.05% Triton X, and 1% bovine serum
albumin (BSA) for one hour at room temperature. Anti- blocked for one hour with 1% albumin and 0.05% triton
in PBS at room temperature. The tissues were then incu-sera against somatostatin receptors 3, 4 and 5 were then
diluted in blocking solution (as mentioned earlier) and bated overnight at 4C with antibodies against somato-
statin receptors 3, 4, and 5 diluted in blocking solutionthen added to the slides. To prove the specificity of the
immunostaining, antisera were also preincubated with (discussed earlier). For the SSTR3/histone H1 dual-
labeling, histone H1 antibody was added with the recep-their specific immunizing peptides (see above) in block-
ing solution for two hours at room temperature prior to tor 3 antisera at a 1:7 dilution. The next day, after washing
in PBS, the tissue was incubated with goat anti-rabbitbeing added to the slides. To prove that any blocking of
signal was specific, anti-SSTR3 also was preincubated Cy3 conjugated monovalent FAB fragments at 1:500 in
blocking solution for 30 minutes at room temperature.with SSTR4 peptide, while anti-SSTR4 and anti-SSTR5
were both preincubated with the SSTR3 immunizing The SSTR3/histone slides were incubated simultaneously
in the goat anti-rabbit Cy3 conjugated antibody and inpeptide. The slides were then incubated with the straight
antisera, antisera  specific peptide, or antisera  non- goat anti-mouse Cy2 conjugated antibody at a 1:50 dilu-
tion in blocking solution for 30 minutes at room tempera-specific peptide overnight at 4C. The next day, after the
slides were washed in PBST three times for 10 minutes ture. After the PBS washes, the single-label slides and the
SSTR3/histone slides were washed in PBS and coverslipseach, Multilink Super Sensitive biotinylated antibody (Bio-
Genex, San Ramon, CA, USA) was added for 20 minutes mounted with Vectashield fluorescent mounting medium
(Vector Laboratories). The remaining dual-label slidesat room temperature. After additional PBST washes,
peroxidase-conjugated streptavidin (BioGenex) was added were incubated for two hours with the antibodies against
AQP-1, THP, and AQP-2 diluted in blocking solutionfor 20 minutes at room temperature. After additional
Bates et al: SSTR3-5 expression in proximal tubules 57
Fig. 1. Detection of somatostatin receptors 3,
4, and 5 in mouse kidney by RT-PCR and
Southern blotting. (top) Following PCR, ethid-
ium bands of the appropriate size for SSTR3,
SSTR4, and SSTR5 are present in kidney and
brain RNA samples with RT added () and
genomic controls (G) but not in kidney and
brain samples when no RT was added ().
(bottom) Autoradiographs of Southern blots
with specific probes against SSTR3-5 and the
DNA ladder confirm that the ethidium bands
in the RT and genomic samples represent
amplified cDNA from the receptors.
(described earlier). Following PBS washes, the above present (not shown). With the primers for SSTR3, 4, and
5, specific bands of the expected sizes (Table 1) also weredual-label slides were then incubated in goat anti-rabbit
Cy2 conjugated antibody at a 1:20 dilution in blocking detected in the RT kidney, RT brain, and genomic
samples, but not in the RT samples (Fig. 1, top). Tosolution for 30 minutes at room temperature. These
slides were washed in PBS and coverslips mounted. The verify that the bands truly represented amplified receptor
cDNA we performed Southern blotting. The DNA wassingle-label receptor and the dual-label AQP-1, AQP-2,
and THP slides were then photographed and images transferred to membranes and then probed with 32P end-
labeled oligonucleotides that were nested to the PCRstored as performed with the AEC immunostaining. For
the dual-label AQP-1, AQP-2, and THP slides, images primers (Table 2). The DNA ladder also was labeled
and all of the Southern membranes realigned to confirmfrom the Cy3 red filters (SSTR antibodies) and the Cy2
the sizes of any bands. Bands were detected in the RTgreen filters (localizing antibodies) were superimposed
kidney, RT brain, and genomic samples, but not inin Photoshop and merged to generate the double-labeled
the RT kidney or brain samples (Fig. 1, bottom). Theimages. To determine the subcellular localization of the
Southern bands clearly correlated with the PCR ethid-receptors, SSTR-3, -4, and -5/AQP-1 dual-labeled sec-
ium bands (Fig. 1). Thus, we confirmed that mRNA fortions and the SSTR-3/histone sections were photo-
SSTR3, 4, and 5 are expressed in the adult mouse kidney.graphed serially through planes at 1 m of thickness with
To determine if receptor proteins were expressed,a LSM 410 Confocal microscope (Zeiss, Jena, Germany).
AEC immunohistochemistry was performed with anti-
bodies against receptors 3, 4, and 5 in paraffin-embedded
RESULTS kidney sections. Immunolabeling was detected for all
To determine if mRNA transcripts for somatostatin three receptors in a large subset of tubules in the cortex
receptors 3, 4, and 5 were expressed in the mouse kidney, (Fig. 2 a, d, g). Although we were uncertain as to the
RT-PCR was performed followed by Southern blotting. complete localization of the SSTRs, clearly all three re-
After isolating total RNA from adult mouse kidney and ceptors were present in proximal tubular epithelia
brain (for positive controls), the mRNA was reverse emerging from glomerular urinary poles (Fig. 2, arrows).
transcribed into cDNA templates for PCR (RT). To Furthermore, all of the receptors demonstrated variable
control for the possibility of contaminating genomic staining intensities with weaker labeling in tubules near
DNA, mock RT was performed by adding water instead the glomerular urinary poles (Fig. 2) and often very
of the enzyme (RT). Then polymerase chain reactions strong labeling in tubules near the medulla (not shown).
were performed with primers against GAPDH and re- No immunostaining was detected in the medulla itself
ceptors 3 to 5. The GAPDH PCR was run in a linear (not shown). Although the receptors are membrane-
range, and it detected ethidium bands of relatively equal bound proteins, SSTR3 demonstrated a diffuse granular
intensity in both the brain and kidney RT samples, staining pattern as if in the cytoplasm (Fig. 2a). In con-
trast, SSTR4 and SSTR5 clearly labeled only the lumenalconfirming that equal amounts of cDNA templates were
Fig. 2. AEC immunohistochemistry for somatostatin receptors 3, 4, and 5 in mouse kidney cortex. (a ) Immunostaining with SSTR3 anti-serum
demonstrates a granular staining pattern in many cortical tubules. (b ) Pre-incubation with immunizing peptide abolishes SSTR3 staining. (c ) Pre-
incubation with receptor 4 peptide does not affect SSTR3 staining. SSTR4 (d ) and SSTR5 (g ) antibodies label lumenal surfaces of a large number
of cortical tubules. Preincubation with immunizing peptides eliminate SSTR4 (e ) and SSTR5 (h ) immunostaining. Pre-incubation with receptor
3 peptide does not block SSTR4 ( f ) or SSTR5 (i ) staining. All three receptors label the emerging proximal tubular epithelia on glomerular urinary
poles (arrows; all panels are 200 magnifications).
Bates et al: SSTR3-5 expression in proximal tubules 59
membrane surfaces of the tubules (Fig. 2 d, g). To prove co-labeled with Tamm-Horsfall protein, and are thus not
present in the thick ascending limb of the Henle loopthe specificity of the immunolabeling, we pre-incubated
each antibody with the specific immunizing peptide and (Figs. 5 and 6 d–f). Finally, receptor 4 and 5 immuno-
labeling did not overlap with staining against AQP-2,completely abolished the staining (Fig. 2 b, e, h). Further-
more, when each antibody was preincubated with a non- revealing that the receptors are not expressed in collect-
ing tubules or ducts (Figs. 4 and 5 g–i). Thus, as withspecific peptide from a related receptor (such as receptor
3 antibody with receptor 4 peptide), we were unable to SSTR3, SSTR4 and SSTR5 proteins are expressed exclu-
sively in the proximal tubules, but are confined to theblock the staining (Figure 2 c, f, i). Thus, we confirmed
that SSTR3, SSTR4, and SSTR5 proteins are expressed lumenal surfaces and not in cytoplasmic granules.
in the mouse kidney cortex in at least early portions of
proximal tubules.
DISCUSSION
To confirm the complete tubular localization of SSTR3,
The current study demonstrates that somatostatin re-immunofluorescent studies were performed on cryostat
ceptors 3, 4, and 5 are expressed in the adult mousekidney sections. Again, receptor 3 stained in a granular
kidney. First, mRNA transcripts for SSTRs 3 to 5 werepattern in a large number of cortical tubules (Fig. 3).
detected in the kidney by RT-PCR followed by SouthernFurthermore, SSTR3 labeling overlapped completely
blotting. Although mRNA for receptors 3 and 4 werewith the expression of antibodies against aquaporin-1, a
previously identified in rat kidney by RNAse protectionwater channel that is expressed only in proximal tubules
assays [11], to our knowledge we are the first to reportin the cortex (Fig. 3 a–c). In contrast, receptor 3 did not
kidney expression of receptor 5 transcripts in any species.co-express with Tamm-Horsfall protein antisera, which
In addition, we demonstrated abundant expression ofis specific for the thick ascending limb of the Henle loop
SSTR3, 4, and5 receptor proteins in the mouse by immu-(Fig. 3 d–f). Receptor 3 also did not co-localize with
nostaining, which is the first convincing evidence thatantibodies against aquaporin-2, a water channel that is
these receptors’ proteins are expressed in the kidneysexpressed exclusively in kidney collecting duct principal
of any species as well. Furthermore, the expression ofcells (Fig. 3 g–i). Thus, SSTR3 protein is expressed exclu-
SSTR3, 4, and 5 in the mouse proximal tubule appearssively in proximal tubules.
to complement the expression of SSTR1 and SSTR2 inTo determine the subcellular localization of SSTR3,
the collecting ducts and/or glomeruli of other speciesslides co-labeled with either AQP-1 (to label proximal
[8, 9]. Taken together, the kidney is one of few organstubule lumenal and basolateral membranes) or histone
to express all five somatostatin receptors outside of theH1 (to label nuclei) were examined by confocal micros-
nervous system and the pancreas [1].copy through 1 m thick planes (Fig. 4). In the slides
Although receptors 3, 4, and 5 are all expressed in theco-labeled with AQP-1 (Fig. 4a), the red SSTR3 granules
proximal tubule, SSTR3 is unique in that it is present in(concave arrowheads) were present between the green
cytoplasmic granules. As with other G-protein coupledlumenal membranes (arrowhead) and basolateral mem-
receptors, most of the somatostatin receptors are knownbranes (arrow). In the sections co-labeled with histone
to become down regulated and to internalize into cyto-H1 (Fig. 4b), the red SSTR3 granules (concave arrow-
plasmic clathrin-coated vesicles after binding to theirheads) were present in the cytoplasm surrounding the
ligands [20]. In particular, SSTR3 that has been trans-green-labeled nuclei (concave arrow). These staining
fected into human embryonic kidney (HEK) 293 cellspatterns for receptor 3 were consistent through multiple
[21] or rat neuroendocrine insulinoma (RIN) cells [22]tissue planes and in several different tissue sections ex-
initially appears at the plasma membrane, but internal-amined. Thus, SSTR3 protein is expressed predomi-
izes when stimulated by SRIF-14 and SRIF-28. Whennantly in cytoplasmic granules in proximal tubules.
the ligand is washed away, 80% or more of the receptorTo confirm the staining pattern and localization of
reappears at the cell surface [21, 22], a process that takesSSTR4 and SSTR5, indirect immunofluorescence was
only 60 minutes in HEK cells [23]. The internalizedperformed on cryostat and paraffin-embedded kidney
SSTR3 appears to recycle to the cell surface as opposedsections, respectively. Consistent with the AEC immuno-
to being replaced by newly synthesized protein sincestaining, receptor 4 and 5 proteins were localized to the
cyclohexamide, a protein synthesis inhibitor, does notlumenal surfaces of cortical tubules (Figs. 5 and 6). As
block the reappearance of the receptor at the cell surface,with SSTR3, SSTR4 and SSTR5 each co-expressed com-
but brefeldin, an inhibitor of the Golgi apparatus forma-pletely with AQP-1, confirming that the receptors are
tion does block the reappearance [23]. Since SSTR3 dem-present in the proximal tubules (Figs. 5 a–c and 6 a–c).
onstrated a granular cytoplasmic staining pattern, it isFurthermore, confocal images of the sections dual-labeled
possible that these granules represent internalized recep-with AQP-1 confirmed that both receptors were present
tors that have been actively engaging ligand.exclusively on the lumenal membrane surfaces of the prox-
imal tubules (not shown). Neither SSTR4 nor SSTR5 Unlike SSTR3, receptors 4 and 5 are expressed exclu-
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Fig. 3. Dual-labeling immunofluorescence of SSTR3 with Cy3 (red) and localizing markers with Cy2 (green). (a–c) SSTR3 and AQP-1. (a) SSTR3
staining. (b) AQP-1 labeling of proximal tubules. (c) Overlay of images in panels a and b revealing co-expression of SSTR3 and AQP-1. (d–f )
SSTR3 and THP. (d) SSTR3 expression. (e) THP labeling of thick ascending limbs of the Henle loop. (f) Overlay of images in panels d and e
demonstrating that SSTR3 and THP are not co-expressed. (g–i) SSTR3 and AQP-2. (g) SSTR3 staining. (h) AQP-2 labeling of collecting ducts.
(i) Overlay of images in panels g and h revealing that SSTR3 and AQP-2 are not co-expressed. Arrows indicate tubules expressing both SSTR3
and AQP-1; arrowheads are tubules labeled by THP; concave arrowheads are tubules labeled by AQP-2 (all are 200 magnifications).
Fig. 4. Confocal images of SSTR3 (red) co-
labeled with AQP-1 and histone H1 (green).
(a ) SSTR3 (concave arrowhead) is found pre-
dominantly between the lumenal membranes
(arrowhead) and basolateral membranes (ar-
row) labeled by AQP-1. (b ) SSTR3 (concave
arrowheads) does not co-label with nuclei as
detected by anti-histone H1 (concave arrow)
(a and b, 1000).
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Fig. 5. Dual-labeling immunofluorescence of SSTR4 with Cy3 (red) and localizing markers with Cy2 (green). (a–c) SSTR4 and AQP-1. (a) SSTR4
staining. (b) AQP-1 labeling of proximal tubules. (c) Overlay of images in panels a and b revealing co-expression of SSTR4 and AQP-1. (d–f )
SSTR4 and THP. (d) SSTR4 expression. (e) THP labeling of thick ascending limbs of the Henle loop. (f) Overlay of images in panels d and e
demonstrating that SSTR4 and THP are not co-expressed. (g–i) SSTR4 and AQP-2. (g) SSTR4 staining. (h) AQP-2 labeling of collecting ducts.
(i) Overlay of images in panels g and h revealing that SSTR4 and AQP-2 are not co-expressed. Arrows denote tubules expressing both SSTR4
and AQP-1; arrowheads show tubules labeled by THP; concave arrowheads are tubules labeled by AQP-2 (all are 200).
sively on the lumenal membranes of the proximal tu- 28 could induce endocytosis of the receptor. In primary
neuronal cultures that have native SSTR2a and SSTR4bules, raising questions about why these receptors were
not internalized. One possibility is that receptor 3 nor- receptor expression, application of SRIF-14 induced in-
ternalization of SSTR2, but not SSTR4 [25]. Further-mally resides on the basolateral surface and binds to
SRIF transported by the peritubular capillaries, while more, direct infusion of SRIF-14 into rat cerebral ventri-
cles caused SSTR2a to be endocytosed into cytoplasmicreceptors 4 and 5 do not see ligand on the lumenal sur-
face. Another possibility is that SSTR4 and SSTR5 do vesicles; however, SSTR4 remained on the neuronal
plasma membranes [25]. Although SSTR5 internaliza-not internalize with the endogenous ligand in the kidney.
In fact, although one published study found that human tion has not been studied as extensively as other receptor
family members, when present in either HEK cells [21]SSTR4 placed into Chinese hamster ovary (CHO) cells
does endocytose when stimulated with the artificial ago- or RIN cells [22], SSTR5 does endocytose after binding
to SRIF-28, but does not with SRIF-14. Thus, if thenist [125I]-[11Tyr]-SRIF [24], the weight of the published
data supports the concept that SSTR4 does not internal- endogenous form of somatostatin in the kidney is the 14
amino acid peptide, neither SSTR4 nor SSTR5 wouldize with either endogenous form of somatostatin (SRIF-
14 or SRIF-28). In both HEK cells [21] and RIN cells likely internalize after binding to their ligand.
The source of the somatostatin that binds to SSTR3,[22] transfected with SSTR4, neither SRIF-14 nor SRIF-
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Fig. 6. Dual-labeling immunofluorescence of SSTR5 with Cy3 (red) and localizing markers with Cy2 (green). (a–c) SSTR5 and AQP-1. (a) SSTR5
staining. (b) AQP-1 labeling of proximal tubules. (c) Overlay of images in panels a and b revealing co-expression of SSTR5 and AQP-1. (d–f )
SSTR5 and THP. (d) SSTR5 expression. (e) THP labeling of thick ascending limbs of the Henle loop. (f) Overlay of images in panels d and e
demonstrating that SSTR5 and THP are not co-expressed. (g–i) SSTR5 and AQP-2. (g) SSTR5 staining. (h) AQP-2 labeling of collecting ducts.
(i) Overlay of images in panels g and h revealing that SSTR5 and AQP-2 are not co-expressed. Arrows are tubules expressing both SSTR5 and
AQP-1; arrowheads show tubules labeled by THP; concave arrowheads denote tubules labeled by AQP-2 (all are 200).
and possibly to SSTR4, and SSTR5 in the kidney is un- stronger staining intensity in more distal and juxtamedul-
lary portions of the proximal tubule are unknown. It isknown. In addition, the membrane surface where SSTR3
engages SRIF is uncertain. The exclusive lumenal mem- possible that receptors 3, 4, and/or 5 affect phosphate
transport in the proximal tubule, since in both humans [3]brane staining pattern of SSTR4 and SSTR5, however,
makes a local source of somatostatin a possibility. In and rats [4], systemic infusion of somatostatin increases
phosphate excretion (despite if anything a decrease infact, somatostatin immunoreactivity has previously been
detected in a small number of cells in the rat glomerulus GFR, which would decrease urinary phosphate levels).
Furthermore, somatostatin also may interact with para-[26]. While this staining could represent SRIF that is
binding to glomerular cells as opposed to sites of produc- thyroid hormone, which is known to inhibit sodium/phos-
phate co-transporters [27] as well as sodium/proton anti-tion, somatostatin mRNA has been detected in human
kidney and the peptide can be produced by isolated porters [27] and sodium/potassium ATPase activity in
the proximal tubule [28]. In isolated chicken kidneyprimary mesangial cells and tubular cells in culture [6, 7].
Thus, somatostatin may act in a paracrine/autocrine fash- membrane preparations, low concentrations of somato-
statin augmented parathyroid hormone (PTH)-inducedion in the kidney binding to SSTR4 and SSTR5 and
possibly others on the lumenal surface. increases in adenylate cyclase activity, while progres-
sively higher concentrations of somatostatin attenuatedThe functions of SSTR3, SSTR4, and SSTR5 in the
mouse proximal tubule and the reason for the apparent PTH-induced increases in adenylate cyclase activity in
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